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This Letter presents ¯rst strong evidence for the resolution of the excited B mesonsB 1 and B ¤
2

as two separate states in fully reconstructed decays to B +( ¤) ¼¡ . The mass of B 1 is measured to
be 5720:6 § 2:4 § 1:4 MeV/ c2 and the mass di®erence¢ M between B ¤

2 and B 1 is 26:2 § 3:1 § 0:9
MeV/ c2 , giving the massof the B ¤

2 as 5746:8 § 2:4 § 1:7 MeV/ c2 . The production rate for B 1 and
B ¤

2 mesonsis determined to be a fraction (13:9§ 1:9§ 3:2)% of the production rate of the B + meson.

PACS numbers: 12.15.Ff, 13.20.He, 14.40.Nd

To date, the detailed spectroscopy of mesonscontain-
ing a b quark has not been fully established. Only the
ground 0¡ states B + , B 0, B 0

s , B +
c and the excited 1¡

state B ¤ are consideredto be established by the PDG
[1]. Quark models predict the existence of two broad
(B ¤

0 [J P = 0+ ] and B ¤
1 [1+ ]) and two narrow (B1 [1+ ]

and B ¤
2 [2+ ]) bound P states [2{7]. The broad states

decay through an S wave and therefore have widths of
a few hundred MeV/ c2. Such states are di±cult to dis-
tinguish, in e®ective mass spectra, from the combina-
torial background. The narrow states contain the light
quark with total angular momentum j = 3=2 and con-
sequently decay through a D wave, resulting in widths
of around 10 MeV/ c2 [3, 6, 7]. Almost all observations
of B1 and B ¤

2 have been made indirectly in inclusive or
semi-inclusive decays [8{11], which prevents their separa-
tion and a precisemeasurement of their properties. The
measurement by the ALEPH collaboration [12], although
partially done with exclusive B decays, was statistically
limited and model dependent. The masses,widths, and
decay branching fractions of thesestates, in contrast, are
predicted with good precisionby various theoretical mod-
els [2{7]. These predictions can be veri¯ed experimen-
tally , and such a comparison provides important infor-
mation on the quark interaction inside bound states,aid-
ing further development of non-perturbativ e QCD. This
Letter presents a study of narrow L = 1 states decaying
to B +( ¤) ¼¡ with exclusively reconstructed B + mesons
using data collected by the D0 experiment [13] during
2002{2006and corresponding to an integrated luminos-
it y of about 1:3 fb¡ 1. Throughout this Letter, charge
conjugated processesare implied.

The B1 and B ¤
2 mesons are studied by examining

B +( ¤) ¼¡ candidates. This sample includes the following
decays:

B1 ! B ¤+ ¼¡ ; B ¤+ ! B + ° ; (1)

B ¤
2 ! B ¤+ ¼¡ ; B ¤+ ! B + ° ; (2)

B ¤
2 ! B + ¼¡ : (3)

The direct decay B1 ! B + ¼¡ is forbidden by conserva-
tion of parit y and angular momentum. The B + mesonis
reconstructed in the exclusive decay B + ! J=ÃK + with
J=Ã decaying to ¹ + ¹ ¡ . Each muon is required to beiden-
ti¯ed by the muon system,havean associated track in the
central tracking system with at least two measurements
in the silicon microstrip tracker (SMT), and a transverse
momentum p¹

T > 1:5 GeV/ c. At least one of the two
muons is required to have matching track segments both

inside and outside the toroidal magnet. The two muons
must form a common vertex and have an invariant mass
between2.80and 3.35GeV/ c2, to form a J=Ã candidate.
An additional charged track with pT > 0:5 GeV/ c, with
total momentum above 0.7 GeV/ c and with at least two
measurements in the SMT, is selected. This particle is
assignedthe kaon massand required to have a common
vertex, with Â2 < 16 for 3 degreesof freedom, with the
two muons. The displacement of this vertex from the pri-
mary interaction point is required to exceedthree stan-
dard deviations in the plane perpendicular to the beam
direction. The primary vertex of the p¹p interaction was
determined for each event using the method described
in Ref. [15]. The averageposition of the beam-collision
point was included as a constraint.

From each set of three particles ful¯lling theserequire-
ments, a B + candidate is constructed using the standard
D0 procedures.The momenta of the muonsare corrected
using the J=Ã mass[1] as a constraint. To improve the
B + selection, a likelihood ratio method [16] is utilized.
This method provides a way of combining several dis-
criminating variablesinto a singlevariable with increased
power to separatesignal and background. The variables
chosenfor this analysis include the smaller of the trans-
versemomenta of the two muons, the Â2 of the B + de-
cay vertex, the B + decay length divided by its error, the
signi¯cance (de¯ned below) SB of the B + track impact
parameter, the transverse momentum of the kaon, and
the signi¯cance SK of the kaon track impact parameter.

For any track i , the signi¯cance Si is de¯ned as Si =p
[²T =¾(²T )]2 + [²L =¾(²L )]2, where ²T (²L ) is the projec-

tion of the track impact parameter on the plane perpen-
dicular to the beamdirection (along the beamdirection),
and ¾(²T ) [¾(²L )] is its uncertainty. The track of each
B + is formed assumingthat it passesthrough the recon-
structed vertex and is directed along the reconstructed
B + momentum.

The resulting invariant mass distribution of the
J=ÃK + system is shown in Fig. 1. The curve represents
the result of an unbinned likelihood ¯t to the sum of
contributions from B + ! J=ÃK + , B + ! J=Ã¼+ , and
B + ! J=ÃK + ¤ decays, as well as combinatorial back-
ground. The mass distribution of the J=ÃK + system
from the B + ! J=ÃK + hypothesis is parameterizedby
a Gaussianwith the width depending on the momentum
of the K + . For the contribution from B + ! J=Ã¼+

decays, the width of the J=Ã¼+ mass distribution is
parametrizedwith the samemomentum-dependent width
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FIG. 1: Invariant mass distribution of J=ÃK + events. The
solid line shows the sum of signal and background contribu-
tions, as described in the text. Shown separately are contri-
butions from J=Ã¼+ events (solid ¯lled area), J=ÃK + ¤ events
(hatched area) and combinatorial background (dashed line).
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FIG. 2: Invariant massdi®erence¢ M = M (B + ¼¡ ) ¡ M (B + )
for exclusive B decays. The line shows the ¯t described in the
text. The contribution of background and the three signal
peaks are shown separately [color online].

as the B + ! J=ÃK + decays, and then transformed to
the J=ÃK + system by assigning the kaon mass to the
chargedpion. The decay B ! J=ÃK + ¤ with K + ¤ ! K ¼
produces a broad J=ÃK + mass distribution with the
threshold near M (B ) ¡ M (¼). It is parameterizedusing
Monte Carlo simulation (described later). The combina-
torial background is described by an exponential func-
tion. The B + ! J=ÃK + and B + ! J=Ã¼+ masspeaks
contain 23287§ 344 (stat.) events.

For each reconstructed B mesoncandidate with mass
5:19 < M (B + ) < 5:36 GeV/ c2, an additional charged
track with transversemomentum above 0.75 GeV/ c and
charge opposite to that of the B mesonis selected. The

selection 5:19 < M (B + ) < 5:36 GeV/ c2 reduces the
number of B + candidatesto 20915§ 293(stat.). Sincethe
BJ mesons(where BJ denotesboth B1 and B ¤

2 ) decay at
the production point, the additional track is required to
originate from the primary vertex by applying the con-
dition on its signi¯cance S¼ <

p
6. No angular variables

are usedto further select the signal.
For each combination satisfying the above criteria, the

mass di®erence¢ M = M (B + ¼¡ ) ¡ M (B + ) is com-
puted, giving the distribution shown in Fig. 2. The
signal exhibits a structure that is interpreted in terms
of the decays (1{3). Since the photon from the de-
cay B ¤ ! B ° is not reconstructed, the three decays
should produce three peakswith central positions ¢ 1 =
M (B1) ¡ M (B ¤), corresponding to the decay B1 ! B ¤¼,
¢ 2 = M (B ¤

2 ) ¡ M (B ¤), corresponding to B ¤
2 ! B ¤¼, and

¢ 3 = M (B ¤
2 ) ¡ M (B ), corresponding to B ¤

2 ! B ¼. Note
that here ¢ 2 = ¢ 3 ¡ [M (B ¤+ ) ¡ M (B )] = ¢ 3 ¡ 45:78
MeV/ c2 [1]. Following this expected pattern, the exper-
imental distribution is ¯tted to the following function:

F (¢ M ) = Fsig(¢ M ) + Fbckg (¢ M );

Fsig(¢ M ) = N ¢f f 1 ¢D(¢ M ; ¢ 1; ¡ 1)

+ (1 ¡ f 1) ¢[f 2 ¢D(¢ M ; ¢ 2; ¡ 2)

+ (1 ¡ f 2) ¢D(¢ M ; ¢ 3; ¡ 2)]g: (4)

In these equations, ¡ 1 and ¡ 2 are the widths of B1 and
B ¤

2 , f 1 is the fraction of B1 contained in the BJ signal,
and f 2 is the fraction of B ¤

2 ! B ¤¼decays in the B ¤
2 sig-

nal. The parameter N givesthe total number of observed
BJ ! B +( ¤) ¼decays. The background Fbckg (¢ M ) is pa-
rameterized by a fourth-order polynomial.

The function D(x; x0; ¡) in Eq. (4) is the convolution of
a relativistic Breit-Wigner function with the experimen-
tal Gaussianresolution in ¢ M . The width of resonances
in the Breit-Wigner function takes into account thresh-
old e®ectsusing the standard expression[1, 17] for L = 2
decay.

The resolution in ¢ M is determined from simulation.
All processesinvolving B mesonsare simulated using
the EvtGen generator [18] interfaced with pythia [19],
followed by full modeling of the detector responsewith
geant [20] and event reconstruction as in data. The dif-
ferencebetween the reconstructed and generatedvalues
of ¢ M is parameterized by a double Gaussianfunction
with the ¾of the narrow Gaussianset to 7.5 MeV/ c2, the
¾of the wide Gaussianset to 17.6MeV/ c2, and the nor-
malisation of the narrow Gaussianset to 3:8 times that of
the wide Gaussian. Studies of various decay modesof D
and B mesonsshow that simulation underestimatesthe
massresolution in data by ¼10%. As such, the widths
of the Gaussianswhich parameterise the B J resolution
are increasedby 10%to match the data, and a 100%sys-
tematic uncertainty is assignedto this correction. The
widths of the observed structures are compatible with
the experimental massresolution, and the ¯t is found to
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TABLE I: Systematic uncertainties of the B J parameters determined from the ¢ M ¯t. The rows show the various sources
of systematic error as described in the text. The columns show the resulting uncertainties for each of the ¯v e free signal
parameters as described in Eq. (4). ¢ M (B 1) and ¢[ M (B ¤

2 ) ¡ M (B 1)] are in MeV/ c2 .

Source ¢ M (B 1) ¢[ M (B ¤
2 ) ¡ M (B 1)] ¢ R1 ¢ R2 ¢ N

Background parameterization 0.15 0.15 0.010 0.009 19
Bin widths/p ositions 0.85 0.70 0.006 0.026 12
Value of ¡ 1;2 0.75 0.55 0.023 0.032 138
B + ¤ massuncertainty 0.30 0.25 0.004 0.004 6
Momentum scale 0.50 0.03 0.000 0.000 0
Resolution uncertainty 0.20 0.05 0.007 0.004 10
E±ciency uncertainties 0.056 0.054
Total 1.30 0.90 0.062 0.069 140

be insensitive to valuesof ¡ 1 and ¡ 2 below the massres-
olution with the current statistics. Therefore, both these
widths are ¯xed at 10 MeV/ c2 in the ¯t, as suggested
by theoretical models [3, 7]. They are varied together
over a wide range to estimate the associated systematic
uncertainty.

With these assumptions, the following parameters of
B1 and B ¤

2 are obtained:

M (B1) ¡ M (B + ) = 441:5 § 2:4 § 1:3 MeV/ c2;

M (B ¤
2 ) ¡ M (B1) = 26:2 § 3:1 § 0:9 MeV/ c2: (5)

where the ¯rst uncertainty is statistical, and the second
is systematic. The correlation coe±cient of these mass
measurements is ¡ 0:659. With theserelations, and using
the massof the B + [1], the absolutemassesof the B1 and
B ¤

2 are:

M (B1) = 5720:6 § 2:4 § 1:4 MeV/ c2;

M (B ¤
2 ) = 5746:8 § 2:4 § 1:7 MeV/ c2: (6)

The number of BJ decays is found to be N = 662§ 91.
The Â2=d.o.f. of the ¯t is 33=40. Without the B J signal
contribution, the Â2=d.o.f. of the ¯t increasesto 97=45,
which implies that this structure is observed with a sta-
tistical signi¯cance of more than 7¾. Fitting with only
one peak, with °oating width, increasesthe Â2=d.o.f. to
54=42, which corresponds to more than a 4¾signi¯cance
that more than one resonanceis observed. With the
B ¤

2 ! B ¤+ ¼ decay removed from the ¯t, the Â2=d.o.f.
of the ¯t increasesto 41=41. Although with the current
statistics we can not distinguish between the two- and
three- peakshypotheses,theory suggeststhat B ¤

2 decays
with almost equal branching ratios into B ¼ and B ¤+ ¼
[3, 7], and our ¯t indeed indicates a preferencefor this
expected pattern.

The number of BJ mesonsand values f 1 and f 2 ob-
tained from the ¯t are used to measurethe production
and decay ratios of B1 and B ¤

2 :

R1 =
B r (B1 ! B ¤+ ¼)
B r (BJ ! B (¤) ¼)

= f 1 ¢
"0

"1

= 0:477§ 0:069§ 0:062;

R2 =
B r (B ¤

2 ! B ¤¼)
B r (B ¤

2 ! B (¤) ¼)
= f 2 ¢

"3

"2

= 0:475§ 0:095§ 0:069;

RJ =
B r (b ! B 0

J ! B (¤) ¼)
B r (b ! B + )

=
3 ¢N (BJ )

2 ¢N (B + ) ¢"0

= 0:139§ 0:019§ 0:032: (7)

Here "1, "2 and "3 are the e±ciencies to select an
additional pion from the BJ decay for decay modes
B1 ! B ¤+ ¼¡ , B ¤

2 ! B ¤+ ¼¡ and B ¤
2 ! B + ¼¡ , re-

spectively. They are determined from a simulation sepa-
rately for each decay mode (1{3). The overall e±ciency
for detecting a pion from any BJ ! B +( ¤) ¼¡ decay is
"0 = 0:342§ 0:008§ 0:028. The value for RJ takes into
account the decay BJ ! B 0¼0 assumingisospin conser-
vation.

For the BJ mass¯t, the in°uences of di®erent sources
of systematicuncertainty are estimatedby examining the
changesin the ¯t parameters under a number of varia-
tions. Di®erent background parameterizations are used
in the ¯t to the ¢ M distribution. In addition, the ef-
fect of binning is tested by varying the bin width and
position. The parametersdescribing the background are
allowed to vary in the ¯t and their uncertainties are in-
cluded in our results. To check the e®ectof ¯xing ¡ 1 and
¡ 2 at 10 MeV/ c2, a rangeof widths from 0 to 20 MeV/ c2

is used. The e®ectof the uncertainty on the mass dif-
ferenceM (B + ¤) ¡ M (B + ) [1] is also taken into account.
Di®erent parameterizations of the detector massresolu-
tion are tested, and in addition the ¯t is made without
the 10% massresolution correction. The uncertainty in
the absolute momentum scale, which results in a small
shift of all measuredmasses,is also taken into account.
The summary of all systematic uncertainties in the B J

mass¯t is given in Table I.
The measurement of the relative production rate RJ

usesthe pion detection e±ciencies predicted in simula-
tion, as well as the numbers of B J and B + events. To
estimate the systematic uncertainty on the number of
B + events, di®erent parameterizations of the signal and
background are used for the ¯t. The resulting uncer-
tainty is § 200 B + events. The systematic uncertainty
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on the number of BJ events is § 140 (seeTable I). The
uncertainty of the impact parameter resolution in the
simulation is estimated to be ¼10%[22]. It can in°uence
the measurement of the selection e±ciency of the pion
from the BJ decay, and its contribution to the system-
atic uncertainty of RJ is found to be 0.0056. The track
reconstruction e±ciency for particles with low transverse
momentum is measuredin Ref. [21] and good agreement
betweendata and simulation is found. This comparison
is valid within the uncertainties of branching fractions of
di®erent B semileptonicdecays, which is about 7%. This
uncertainty results in a 0.0096variation of RJ . An ad-
ditional systematic uncertainty of 0.0008associated with
the di®erencein the momentum distributions of selected
particles in data and in simulation is taken into account.
Combining all thesee®ectsin quadrature, the total sys-
tematic uncertainty in the relative production rate RJ is
found to be 0.032, of which the dominant contribution
comesfrom the uncertainty on the number of B J events.

In conclusion,there is strong evidencethat the B1 and
B ¤

2 mesonsare resolved for the ¯rst time as two separate
states. Their measuredmassesare given by Eq. (5). The
BJ production rate, the branching fraction of B ¤

2 to the
excited state B ¤, and the fraction of the B1 mesonin the
BJ production rate are alsomeasuredasgiven in Eq. (7).
Our results are consistent with all previous observations
[8{12] of excited B states. Theseresults will help to de-
velop modelsdescribingbound stateswith heavy quarks.
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